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ABSTRACT: Organo lead mixed -ha l ide perovsk i t e s such as
CH3NH3PbX3−aX′a (X, X′ = I, Br, Cl) are interesting semiconductors because
of their low cost, high photovoltaic power conversion eﬃciencies, enhanced
moisture stability, and band gap tunability. Using a combination of optical
absorption spectroscopy, powder X-ray diﬀraction (XRD), and, for the ﬁrst
time, 207Pb solid state nuclear magnetic resonance (ssNMR), we probe the
extent of alloying and phase segregation in these materials. Because 207Pb
ssNMR chemical shifts are highly sensitive to local coordination and electronic
structure, and vary linearly with halogen electronegativity and band gap, this
technique can provide the true chemical speciation and composition of
organolead mixed-halide perovskites. We speciﬁcally investigate samples made
by three diﬀerent preparative methods: solution phase synthesis, thermal annealing, and solid phase synthesis. 207Pb ssNMR
reveals that nonstoichiometric dopants and semicrystalline phases are prevalent in samples made by solution phase synthesis. We
show that these nanodomains are persistent after thermal annealing up to 200 °C. Further, a novel solid phase synthesis that
starts from the parent, single-halide perovskites can suppress phase segregation but not the formation of dopants. Our
observations are consistent with the presence of miscibility gaps and spontaneous spinodal decomposition of the mixed-halide
perovskites at room temperature. This underscores how strongly diﬀerent synthetic procedures impact the nanostructuring and
composition of organolead halide perovskites. Better optoelectronic properties and improved device stability and performance
may be achieved through careful manipulation of the diﬀerent phases and nanodomains present in these materials.
■ INTRODUCTION
Organolead halide perovskites (CH3NH3PbX3, X = I, Br, Cl)
have emerged as promising semiconductors for photovoltaics
due to their low cost, solution processability, and high power
conversion eﬃciencies (>21−22%).1,2 Among their many
interesting properties, organolead halide perovskites beneﬁt
from large absorption coeﬃcients, low exciton binding energies,
long exciton diﬀusion lengths, high dielectric constants, and
intrinsic ferroelectric polarization.3−15 Organolead mixed-halide
perovskites (CH3NH3PbX3−aX′a, X, X′ = I, Br, Cl) are of
particular interest because they appear to further beneﬁt from
enhanced moisture stability, improved carrier relaxation time,
and visible range tunability. Mixed-halide perovskites are thus
useful in tandem solar cells, and because they also display
intense photoluminescence, they have potential utility in light-
emitting devices (LEDs).16−37
In spite of these advantages, questions surrounding the
extent of alloying and phase segregation in mixed-halide
perovskites remain. Films of CH3NH3PbI3−xClx cast from
precursors that contain chloride exhibit improved ﬁlm coverage,
tunable morphologies, increased diﬀusion lengths, and reduced
photocurrent hysteresis compared to CH3NH3PbI3 ﬁlms
prepared without chloride, even though no chloride is present
by compositional analysis.38−44 Whether chloride is incorpo-
rated into the structure is uncertain, but it has been suggested
that residual chloride collects at grain boundaries.45 In the
‘CH3NH3PbI3−aBra’ series, a recent computational study
proposed that bromide-rich phases such as CH3NH3PbIBr2
and CH3NH3PbI0.5Br2.5 can be thermodynamically stable
against phase segregation at room temperature; however, a
miscibility gap between 30 and 60% Br is only overcome above
70 °C.46 Photoinduced phase segregation of organolead mixed-
halide perovskites has also been observed.47−49
Structural issues aside, phase segregation in mixed-halide
perovskites is intriguing because these materials are known to
easily undergo anion exchange in solution50−54 as well as
between gas and solid phases.55 In fact, the fast rate of diﬀusion
and high overall mobility of halide ions throughout the
crystalline perovskite lattice55 is likely responsible for photo-
induced phase separation and other unusual perovskite
properties such as giant dielectric constant and photocurrent
hysteresis.56,57 More research is needed to understand whether
(and which) mixed-halide perovskites form stable alloys, what
other phases and impurities exist as phase-segregated domains,
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and how the various available synthetic procedures aﬀect the
true composition, speciation, and optoelectronic properties of
these materials.
Among the techniques best suited for the study of
organolead halide perovskites is 207Pb solid state (ss)
NMR.58−61 The 207Pb nucleus has a spin of 1/2, 22.6% natural
abundance, and a chemical shift (δ) range spanning over 10,000
ppm.62 All of these factors make 207Pb ssNMR highly sensitive
to local electronic structure, coordination environment, ligand
electronegativity, and temperature. For example, the 207Pb
isotropic chemical shift (δiso) of the lead dihalides (PbX2; X = I,
Br, Cl) varies linearly with halide electronegativity and
ionization energy (see Supporting Information (S.I.)).62−67
Because the 207Pb nucleus is highly sensitive to local electronic
structure, 207Pb ssNMR can probe all crystalline, semicrystal-
line, and amorphous phases, and provide information about the
diﬀerent lead sites that may be present in mixed-halide
perovskites. However, there is currently a dearth of prior
207Pb ssNMR studies on organolead perovskites. 2H and 14N
ssNMR were used to observe phase transitions and probe
dynamic mot ions o f the CH3NH3
+ ca t ions in
CH3NH3PbX3.
68,69 1H longitudinal relaxation times and 35Cl,
79Br, and 127I NQR spectra were used to study the motion and
phase transitions in CH3NH3PbX3.
70 Very recently, 1H and 13C
ssNMR spectra of a variety of lead perovskites were
presented.71
Herein, we use 207Pb ssNMR to unveil the presence of both
nonstoichiometric dopants and phase segregation in organolead
mixed-halide perovskites. To the best of our knowledge, this is
the ﬁrst spectroscopic study of these materials using this
technique. We ﬁnd that 207Pb ssNMR is uniquely comple-
mentary to other more commonly used characterization
methods such as UV−vis optical absorption and powder X-
ray diﬀraction. Using all of these techniques together, we ﬁnd
that dopants are persistent in perovskites even after thermal
annealing to 200 °C. Moreover, these nonstoichiometric
impurities form spontaneously regardless of whether the
sample is made by solution phase synthesis, thermal annealing,
or solid phase synthesis. In contrast, phase segregation, forming
semicrystalline or amorphous products, occurs when the
sample is made by solution phase synthesis, even after thermal
annealing, but not by solid phase synthesis. We explain these
diﬀerences in the context of recent studies on the miscibility
and spinodal decomposition tendencies of organolead mixed-
halide perovskites.
■ RESULTS AND DISCUSSION
Solution Phase Synthesis. Organolead single- and mixed-
halide perovskites (CH3NH3PbX3) can be easily prepared by
precipitation from solution (see Methods). In this solution
phase synthesis, lead(II)- and methylammonium-halides are
dissolved in N,N-dimethylformamide (DMF, X = Br, Cl) or
acetonitrile (CH3CN, X = I) followed by precipitation of the
desired perovskite by the addition of toluene (Scheme 1a). A
progressive blue shift in the absorption edge, along with a color
change from black to white, are immediately obvious as the
perovskite composition changes from the less electronegative
iodide to the more electronegative bromide and chloride
(Figure 1a). Iodo-bromide and bromo-chloride perovskites
such as ‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’, respec-
tively, have absorption edges that lie in between those of the
parent, single-halide perovskites. In contrast, the absorption
edges of iodo-chloride perovskites such as ‘CH3NH3PbI1.5Cl1.5’
mirror that of CH3NH3PbI3 (Figure 1b). Note: Throughout
this manuscript, hypothetical formulas calculated f rom the
synthetic loading alone are italicized and written in quotation
marks whereas actual compositional assignments determined
from all of the experimental data combined are written in
regular script (see below).
The powder X-ray diﬀraction (XRD) pattern of
CH3NH3PbI3 matches the tetragonal standard pattern of its
most stable room temperature phase, while those of
CH3NH3PbBr3 and CH3NH3PbCl3 match their cubic standard
patterns (Figure 2a). Scanning electron microscopy (SEM)
shows that samples are made of 0.3−2 μm particles (Figure 3).
Iodo-bromide and bromo-chloride perovskites such as
‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’, respectively,
show single sets of XRD peaks that are intermediate between
those of the parent, pure halide perovskites. Scherrer analysis of
the relatively broad XRD peaks of ‘CH3NH3PbI1.5Br1.5’ yields
average single crystalline domain sizes of 36 ± 12 nm. In
contrast, iodo-chloride perovskites such as ‘CH3NH3PbI1.5Cl1.5’
show two distinct sets of XRD peaks that clearly correspond to
Scheme 1a
aX, X′ = I, Br, Cl; 3 > a > 0.
Figure 1. Representative visual image (a) and diﬀuse reﬂectance data
(b) of solid organolead halide perovskites prepared by solution phase
synthesis or thermal annealing (either method gives similar results).
Italicized formulas in quotation marks are calculated from synthetic
loading; formulas in regular script are compositional assignments made
from all experimental data. The minimum at 400 nm in (b) is an
instrumental artifact.
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a physical mixture of phase-segregated CH3NH3PbI3 and
CH3NH3PbCl3 (Figure 2a).
As shown in Figure 2b, both the absorption edge and lattice
parameter of mixed-halide perovskites show a nonlinear
dependence or “bowing” on the iodide to bromide ratio, but
vary linearly when transitioning from bromide to chloride. In
other words, the absorption edge and lattice parameter of
‘CH3NH3PbI3−aBra’ samples made with 0−50% bromide
synthetic loading (0 ≤ a ≤ 1.5) are much closer to pure
bromide than to iodide. In contrast, the lattice parameter and
absorption edge of ‘CH3NH3PbBr1.5Cl1.5’ lie halfway between
pure bromide and chloride.
The diﬀerent behaviors displayed by diﬀerent mixed-halide
systems can be explained in part by crystallography. According
to both Hume-Rothery72 and Vegard73,74 rules, tetragonal
CH3NH3PbI3 and cubic CH3NH3PbBr3 may only partially alloy
because they do not share the same crystal structure even
though their lattice mismatch is small (6.4%) and their
halogens have similar electronegativities (χP = 3.16 for I vs
2.96 for Br) (Table 1). Cubic CH3NH3PbBr3 and cubic
CH3NH3PbCl3 could form solid solutions because they adopt
the same crystal structure, they have a small lattice mismatch
(4.5%), and their halogens have similar electronegativities (χP =
2.96 for Br vs 2.66 for Cl) (Table 1). CH3NH3PbI3 and
CH3NH3PbCl3 cannot be expected to form solid solutions to
any signiﬁcant extent because they form diﬀerent crystal
structures with a large lattice mismatch (11%) and their
halogens have very diﬀerent electronegativities (χP = 3.16 for I
vs 2.66 for Cl) (Table 1). Unsurprisingly, annealed ﬁlms of
‘CH3NH3PbI3−aCla’ do not seem to contain chloride within the
detection limit of energy-dispersive X-ray spectroscopy (EDS),
implying that any incorporation of chloride in the crystal lattice
(x) must be extremely low.38−44
207Pb ssNMR of Organolead Halides. To gain more
physical insight into alloying and phase segregation in
organolead mixed-halide perovskites, we employed 207Pb
ssNMR spectroscopy. As shown in Figure 4, the 207Pb
ssNMR spectra of the single-halide perovskites show one
relatively broad peak. The isotropic chemical shift (δiso) moves
progressively upﬁeld (to lower ppm value) as the halogen
electronegativity and perovskite band gap increase (Figure 5).
This linear correlation is similar to that observed in the lead
dihalides (PbX2, X = I, Br, Cl; Figures S1 and S2).
58,60,63−66 In
contrast, the 207Pb ssNMR spectra of mixed-halide perovskites
made by solution phase synthesis exhibit multiple peaks (Figure
4). For example, the 207Pb ssNMR spectra of mixed-halide
perovskites made by solution phase synthesis with a 1:1
synthetic loading show two peaks each for ‘CH3NH3PbI1.5Br1.5’
and ‘CH 3NH 3Pb I 1 . 5Cl 1 . 5 ’ , a nd th r e e peak s fo r
‘CH3NH3PbBr1.5Cl1.5’.
In order to determine whether the presence of extra 207Pb
peaks is the result of higher order NMR interactions or
compositional sample variations, we collected 207Pb ssNMR
spectra with and without sample spinning and at diﬀerent
magnetic ﬁelds. For example, the 207Pb ssNMR spectra of the
‘CH3NH3PbBr1.5Cl1.5’ sample collected with a 10 kHz magic
angle spinning (MAS) frequency or with a stationary (static)
Figure 2. Powder XRD patterns (a), lattice parameter and absorption
edge data (b) as a function of relative halide synthetic loading (%) for
organolead halide perovskites prepared by solution phase synthesis.
Italicized formulas in quotation marks are calculated from synthetic
loading; formulas in regular script are compositional assignments made
from all experimental data.
Figure 3. Representative SEM images of CH3NH3PbI3 (a), CH3NH3PbBr3 (c), and CH3NH3PbCl3 (e) made by solution phase synthesis, and of
‘CH3NH3PbI1.5Br1.5’ (b) and ‘CH3NH3PbBr1.5Cl1.5’ (d) made by solid phase synthesis (see Methods).
Table 1. Selected Data for CH3NH3PbX3 Perovskites
X Lattice parameters (Å) Δa (%)a χP̅X
I 6.3115(a), 6.3161(c)75 6.4 3.16
Br 5.9345(a)76 0 2.96
Cl 5.6694(a)77 −4.5 2.66
aΔa = 100 × [(ax − aBr)/aBr].
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sample spinning are virtually indistinguishable; both show three
similar peaks at 160, −117, and −379 ppm (Figure S3). The
presence of very broad 207Pb NMR line widths in all samples, in
addition to the lack of narrowing from MAS (see S.I.), is
consistent with the 207Pb ssNMR spectra of other lead-
containing semiconductors.65,78,79
The full width at half-maximum (fwhm) of the 207Pb
resonances is dependent on composition, going from ca. 253
ppm to 33 ppm between pure iodide and pure chloride
perovskite, respectively. The 207Pb ssNMR signal broadening in
these systems is likely to be primarily due to homogeneous
broadening. Additional control experiments using a lower
magnetic ﬁeld of 9.4 T (400 MHz) (as opposed to 16.4 T (600
MHz)) lead to similar 207Pb ssNMR spectra. Superior
resolution was observed at the higher ﬁeld of 16.4 T (see
S.I.), which indicates that the broadening of the 207Pb ssNMR
peaks is primarily homogeneous. This shows that chemical shift
anisotropy (CSA) is unlikely to contribute to the observed
broadening to a signiﬁcant extent, because broadening would
then increase with applied ﬁeld. Longitudinal (T1) and
transverse (T2′) 207Pb relaxation time constants were also
measured for the single-halides (Table S1). Static 207Pb ssNMR
saturation recovery experiments yielded relatively short 207Pb
T1 relaxation times between 1.1 and 1.4 s for all of the single-
halide perovskites. Application of MAS lead to a dramatic
reduction in the 207Pb T1’s for both CH3NH3PbI3 (T1 ≈ 83 ms)
and CH3NH3PbBr3 (T1 ≈ 104 ms), consistent with a recently
proposed MAS induced halogen polarization exchange
longitudinal relaxation mechanism.80 For CH3NH3PbI3 and
CH3NH3PbBr3, T2’s were short (less than 90 μs) under both
MAS and static sample conditions and were nearly equal to
T2*, which was calculated from the full width at half-maximum
of the 207Pb ssNMR peaks. Relaxation measurements directly
conﬁrm that the broadening is primarily homogeneous in
nature. Both CH3NH3PbI3 and CH3NH3PbBr3 had much
shorter transverse relaxation times than CH3NH3PbCl3, which
suggests that dipolar/scalar coupling to the halogen nuclei
could be responsible for the short transverse relaxation time
constants. In summary, these observations indicate that the
multiple 207Pb ssNMR peaks observed for the organolead
mixed-halide perovskites arise from distinct chemical species or
phases that are actually present in each sample, and that the
broadening of the diﬀerent 207Pb peaks is primarily
homogeneous in nature and does not arise from a distribution
of isotropic chemical shifts or CSA.
Correlating Structural and Spectroscopic Data. To
explain our spectroscopic observations, we separately consider
each of the aforementioned ‘1:1’ mixed-halide perovskites.
Because δiso varies linearly with average electronegativity and
band gap (Figure 5), we used these values to estimate the
chemical compositions of all observed 207Pb resonances from a
calibration curve determined from the single-halide perovskites
(Figure 6). ‘CH3NH3PbI1.5Br1.5’ prepared by solution phase
synthesis has a single set of powder XRD peaks, indicating a
single crystalline phase is present (Figure 2a); however, this
sample has two resolved 207Pb ssNMR peaks located at 774 and
361 ppm (Table 2 and Figure 4). The ﬁrst NMR peak located
at 774 ppm is in between the pure (single-halide) iodide and
bromide perovskites, but closer to the latter (Figure 6a); based
on its chemical shift, we attribute this resonance to the
crystalline, bromide-rich perovskite CH3NH3PbIBr2 (Table 2).
This assignment is consistent with both the optical and XRD
data for this sample (Figures 1b and 2a). The chemical shift of
the second resonance at 361 ppm is identical to that of the pure
bromide perovskite (Figures 4 and 6a). However, this phase is
absent from XRD and steady state optical measurements, which
leads us to propose two diﬀerent, alternative assignments for it:
Figure 4. Static 207Pb ssNMR spectra (22 °C) of representative
organolead single- and mixed-halide perovskites prepared by solution
phase synthesis, thermal annealing, and solid phase synthesis; black
curves were ﬁt to mixed Gaussian/Lorentzian peaks (see Methods).
MAS lead to no substantial narrowing of the peaks (see S.I.). Italicized
formulas in quotation marks are calculated from synthetic loading;
formulas in regular script are compositional assignments made from all
experimental data.
Figure 5. 207Pb ssNMR isotropic chemical shifts (δiso at 22 °C)
observed in single- and mixed-halide-organolead perovskites prepared
by solution phase synthesis as a function of average halogen
electronegativity and band gap. The chemical composition of mixed-
halide perovskites was estimated from a calibration curve derived from
207Pb δiso data of single-halide perovskites.
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(i) One possibility is the presence of amorphous, uncrystallized
CH3NH3PbBr3 (Figure 7a); (ii) Another possibility is that the
whole sample consists of core/shell nanocrystals made of
CH3NH3PbIBr2 cores surrounded by thin, semicrystalline
CH3NH3PbBr3 shells (Figure 7b). As in other similar
nanostructures, thin CH3NH3PbBr3 shells would be hard to
distinguish by XRD because they would diﬀract weakly. In
addition, in a core/shell conﬁguration, the CH3NH3PbBr3
lattice would likely expand to better epitaxially ﬁt onto the
iodide-containing CH3NH3PbIBr2 core. However, quick and
facile halide diﬀusion may argue against the presence of core/
Figure 6. 207Pb ssNMR isotropic chemical shifts (δiso at 22 °C) of
single- and 1:1 mixed-halide-organolead perovskites prepared by
solution phase synthesis, thermal annealing, and solid phase synthesis
as a function of halide composition. The chemical composition of
mixed-halide perovskites was estimated from a calibration curve
derived from 207Pb δiso data of single-halide perovskites.
Table 2. 207Pb ssNMR Data and Proposed Compositional
Assignments for Organolead Halide Perovskites
Synthetic Loadinga
δiso
(ppm)
Compositional
Assignment(s)b Phased (%c)
Solution phase synthesis
‘CH3NH3PbI3’ 1423 CH3NH3PbI3 C (100)
‘CH3NH3PbI1.5Br1.5’ 774 CH3NH3PbIBr2 C (26)
361 CH3NH3PbBr3 A or/s (74)
e
‘CH3NH3PbBr3’ 361 CH3NH3PbBr3 C (100)
‘CH3NH3PbBr1.5Cl1.5’ 160 CH3NH3PbBr2.25Cl0.75 D (21)
−117 CH3NH3PbBr1.5Cl1.5 C (56)
−379 CH3NH3PbBr0.75Cl2.25 D (23)
‘CH3NH3PbCl3’ −648 CH3NH3PbCl3 C (100)
‘CH3NH3PbI1.5Cl1.5’ 1427 CH3NH3PbI3 C (n.d.)
−647 CH3NH3PbCl3 C (n.d.)
Thermal annealingf
‘CH3NH3PbI1.5Br1.5’ 778 CH3NH3PbIBr2 C (53)
343 CH3NH3PbBr3 A or/s (47)
e
‘CH3NH3PbBr1.5Cl1.5’ 166 CH3NH3PbBr2.25Cl0.75 D (24)
−109 CH3NH3PbBr1.5Cl1.5 C (55)
−375 CH3NH3PbBr0.75Cl2.25 D (21)
Solid phase synthesis
‘CH3NH3PbI1.5Br1.5’ 1126 CH3NH3PbI2.1Br0.9 D (30)
997 CH3NH3PbI1.8Br1.2 C (40)
872 CH3NH3PbI1.5Br1.5 D (30)
‘CH3NH3PbBr1.5Cl1.5’ 135 CH3NH3PbBr2.25Cl0.75 D (23)
−112 CH3NH3PbBr1.5Cl1.5 C (62)
−358 CH3NH3PbBr0.75Cl2.25 D (15)
aHypothetical formulas calculated from synthetic loading alone.
bActual compositional assignments from all experimental data
combined. cCrystalline (C), amorphous (A), core/shell (c/s), and
dopant (D) phases. dNMR peak integrations (n.d. = not determined).
eNot the same batch; subtle diﬀerences during solution phase
synthesis result in slightly diﬀerent % values. fTo 200 °C (see
Methods).
Figure 7. Cartoon illustrating possible compositional assignments for
the mixed-halide perovskites ‘CH3NH3PbI1.5Br1.5’ (a or b),
‘CH3NH3PbBr1.5Cl1.5’ (c), and ‘CH3NH3PbI1.5Cl1.5’ (d) made by
solution phase synthesis and thermal annealing (see Methods).
Colored octahedra represent [PbX6]
4− anions while black dots
represent CH3NH3
+ cations. C = Crystalline, A = Amorphous, D =
Dopants, c/s = core/shell. When ‘CH3NH3PbI1.5Br1.5’ is made by solid
phase synthesis, the crystalline phase is closer to stoichiometric and the
semicrystalline bromide-rich (amorphous or shell) phase is not
observed (see Table 2).
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shells (see below). A comparison of relative peak areas suggests
that the ratio between the crystalline (C) CH3NH3PbIBr2 and
semicrystalline (A or/s) CH3NH3PbBr3 phases present in this
particular sample is 26% to 74% (Table 2).
A possible explanation for phase segregation during the
solution phase synthesis of ‘CH3NH3PbI1.5Br1.5’ is the loss of
iodide precursors to the supernatant. ICP-MS and titration
analyses of ‘CH3NH3PbI1.5Br1.5’ samples made by this method
suggest a somewhat variable and batch dependent bromide-rich
composition with an I:Br ratio between 28:72 and 19:81. ICP-
MS analysis of two supernatants from two separate batches
suggest that iodide is present at 2.7 and 4.1 wt %, with no
bromide detected in either sample. This is consistent with the
presence of a recently calculated I−Br miscibility gap in this
system below 70 °C.46 Interestingly, 13C cross-polarization
MAS (CPMAS) ssNMR spectra of ‘CH3NH3PbI1.5Br1.5’ samples
made by solution phase synthesis show two well-resolved peaks.
A 13C detected proton T1 measurement showed distinct proton
T1’s for each of these peaks (see S.I.). This is consistent with
macroscopic segregation of the two phases, since homogeneous
mixing would lead to the observation of a single common T1.
‘CH3NH3PbBr1.5Cl1.5’ made by solution phase synthesis also
shows a single set of XRD peaks indicating the presence of a
single, crystalline phase (Figure 2a). “Slow” XRD measure-
ments between 29−40 degrees (2θ) showed no additional
peaks (see S.I.). However, ‘CH3NH3PbBr1.5Cl1.5’ shows three
207Pb ssNMR peaks located at 160 ppm, −117 ppm, and −379
ppm in a ca. 1:2:1 ratio (Table 2 and Figure 4). The most
intense, center resonance at −117 ppm is halfway between pure
bromide and chloride perovskites (Figure 6b); based on its
chemical shift, and in agreement with optical and XRD data, we
attribute it to crystalline CH3NH3PbBr1.5Cl1.5 (Table 2). The
other two side resonances are nearly equidistant from the
center resonance; based on their relative chemical shifts, they
could be assigned as CH3NH3PbBr2.25Cl0.75 (160 ppm) and
CH3NH3PbBr0.75Cl2.25 (−379 ppm) (Table 2 and Figure 6b).
These assignments correspond to individual lead coordination
environments comprised of [PbBr5Cl]
4− or [PbBr4Cl2]
4−
octahedra and [PbBrCl5]
4− or [PbBr2Cl4]
4− octahedra,
respectively; because the 207Pb ssNMR peaks are broad, we
are unable to distinguish between each of these pairs of
individual assignments. These nonstoichiometric bromide- and
chloride-rich octahedra could be present either as amorphous,
uncrystallized impurities or as dopant sites within the main
CH3NH3PbBr1.5Cl1.5 crystalline phase; because of their very
similar peak intensities relative to each other (160 ppm, 21%;
−379 ppm, 23%), yet signiﬁcantly smaller than that of the main
crystalline phase (−117 ppm, 56%), we suspect that they exist
as dopants (Figure 7c). Such isolated Br- and Cl-rich sites
would not only be diﬃcult to resolve by XRD, but variations in
the Pb-X bond lengths caused by lattice-enforced compression
(for example, in [PbBr5Cl]
4−) or elongation (for example, in
[PbBrCl5]
4−) could also shift the 207Pb resonances farther
upﬁeld and downﬁeld, respectively, from where they could be
expected based on composition alone.61,63,81 A possible
explanation for these observations is the presence of spinodal
decomposition of the stoichiometric Br−Cl perovskite, a well-
known phenomenon where the main crystalline phase coexists
in equilibrium with a ﬁnite amount of nonstoichiometric
domains.82−85
Finally, “CH3NH3PbI1.5Cl1.5“ displays two distinct, independ-
ent sets of XRD peaks along with two major 207Pb ssNMR
peaks, the latter located at 1427 ppm and −647 ppm (Figures
2a and 4); these data are consistent with phase segregated,
crystalline CH3NH3PbI3 and CH3NH3PbCl3, respectively, as
expected from simple crystallographic considerations (Table 2
and Figure 7d).
Thermal Annealing Experiments. A possible explanation
for the presence of dopants and amorphous phases in
organolead halide perovskites relates to their ability to
crystallize under speciﬁc synthetic conditions. The materials
initially mentioned above were synthesized at room temper-
ature by precipitation from solution (Scheme 1a). To probe
this issue, we subjected freshly made mixed-halide perovskites
to thermal annealing (see Methods for details). Neither
‘CH3NH3PbI1.5Br1.5’ nor ‘CH3NH3PbBr1.5Cl1.5’ shows a signiﬁ-
cant change in color or crystal structure between 20 and 200
°C, above which both materials start showing signs of thermal
decomposition (Tdec onset ≥250 °C)45,86−89 (Figures 8, S7 and
S8). In the case of ‘CH3NH3PbI1.5Br1.5’, the individual powder
XRD peaks become sharper upon annealing (Figure 8),
indicating an increase in single crystalline domain (Scherrer)
size from 36 ± 12 nm at 20 °C to 68 ± 10 nm at 200 °C.
Critically, 207Pb ssNMR reveals that the composition of the
diﬀerent phases present in organolead mixed-halide perovskites
made by solution phase synthesis remains roughly the same
after thermal annealing up to 200 °C. The ‘CH3NH3PbI1.5Br1.5’
sample retains two resonances at 778 and 343 ppm (Table 2
and Figure 4), strongly indicating that both crystalline
CH3NH3PbIBr2 and semicrystalline CH3NH3PbBr3, respec-
tively, survive and are still present after annealing (Table 2 and
Figure 6a). Increased iodide incorporation during the initial
solution phase synthesis of the ‘CH3NH3PbI1.5Br1.5’ sample that
was subjected to thermal annealing may explain the change in
relative intensities between the 778 and 343 ppm peaks. This
idea is supported by the variable iodide wt % values measured
by ICP-MS for diﬀerent supernatants. Likewise, the
‘CH3NH3PbBr1.5Cl1.5’ sample retains three resonances at 166
ppm, −109 ppm, and −375 ppm with a 1:2:1 relative
integration, which is almost identical to the sample before
annealing (Figure 4 and Figure 6b). These data strongly
s uppo r t t h e i d e a t h a t t h e non s t o i c h i ome t r i c
CH3NH3PbBr2.25Cl0.75 (166 ppm) and CH3NH3PbBr0.75Cl2.25
(−375 ppm) dopants likely form by spinodal decomposition
and are persistent alongside the main stoichiometric phase
CH3NH3PbBr1.5Cl1.5 (−109 ppm) after annealing.
Solid Phase Synthesis. Having observed that semicrystal-
line, phase segregated phases and dopants can coexist and
survive after thermal annealing, we questioned whether the
persistence of such domains could be related to the ability of
halide ions to diﬀuse from one solid phase to another. To probe
this question, we sought to synthesize mixed-halide perovskites
by a solid state synthesis that involves mixing premade, solid,
single-halide perovskites and subjecting them to heat (Scheme
1b, see also Methods).
As shown in Figure 9a, an equimolar (1:1) solid mixture of
CH3NH3PbI3 and CH3NH3PbBr3 changes color from brown-
orange at 20 °C to black after heating to 200 °C. The
absorption edges of the two starting materials, initially present
at 20 °C, begin to move closer together and coalesce upon
heating; a single absorption edge located roughly halfway
between the two parent, single-halide perovskites is observed
after heating to 200 °C (Figure 9b and 10a). Similarly, the two
initial sets of XRD peaks corresponding to the two parent,
single-halide perovskites move closer together and coalesce into
a single set of XRD peaks after heating from 20 to 200 °C
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(Figures 9c and 10a). Together, these data are consistent with
the formation of ‘CH3NH3PbI1.5Br1.5’ in the solid state.
A closer examination of XRD data during the solid phase
synthesis of ‘CH3NH3PbI1.5Br1.5’ reveals that heating from 20 to
150 °C causes an initial decrease in the average single
crystalline domain (Scherrer) sizes of the iodide-rich phase
from 96 ± 19 nm to 29 ± 9 nm and of the bromide-rich phase
from 110 ± 13 nm to 32 ± 10 nm (Figure 10b, solid and open
circles, respectively). At this point, there is an inﬂection point
after the two sets of peaks merge; further heating from 150 to
200 °C causes a slight increase in Scherrer size of the mixed-
halide phase to 52 ± 9 nm (Figure 10b). We attribute these two
distinct particle size regimes to interfacial nucleation (via halide
diﬀusion/exchange) and growth (via coalescence) of the new
mixed-halide phase.90 A very similar behavior is observed by
optical spectroscopy and powder XRD during the solid state
synthesis of ‘CH3NH3PbBr1.5Cl1.5’ starting from an equimolar
mixture of CH3NH3PbBr3 and CH3NH3PbCl3 solid. In this
case, the inﬂection point between decreasing (nucleation) and
increasing (growth) single average crystalline domain sizes is
slightly lower than in the previous case, at ca. 100−150 °C (see
S.I.). In both cases, simultaneous diﬀerential thermal−
thermogravimetric analyses (DTA-TGA) showed that these
solid phase reactions are accompanied by broad or “shallow”
endothermic transitions with no measurable mass loss (see
S.I.). A comparison of XRD and scanning electron microscopy
(SEM) data showed that the mixed-halide perovskites produced
in this way consist of heavily twinned particles of comparable
Figure 8. Visual image (a), Tauc plot (b), and powder XRD patterns
(c) for ‘CH3NH3PbI1.5Br1.5’ made by solution phase synthesis as well as
after thermal annealing at diﬀerent temperatures (see Methods).
Annealing at higher temperatures (≥250 °C) resulted in partial sample
decomposition (see S.I.).
Figure 9. Visual image (a), diﬀuse reﬂectance (b), and powder XRD
patterns (c) for ‘CH3NH3PbI1.5Br1.5’ made by solid phase synthesis
starting from an equimolar mixture of CH3NH3PbI3 and
CH3NH3PbBr3 (see Methods). Heating at higher temperatures
(≥250 °C) resulted in partial sample decomposition (see S.I.).
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size and morphology to those of the parent, single-halide
perovskites (Figure 3).
Critically, the 207Pb ssNMR spectrum of ‘CH3NH3PbI1.5Br1.5’
prepared by solid phase synthesis shows not two, but one single
broad resonance at 997 ppm (Table 2 and Figure 4).
Interestingly, this peak is signiﬁcantly broader (fwhm = 410
ppm) than those of the parent CH3NH3PbI3 and
CH3NH3PbBr3 perovskites (fwhm = 253 and 150 ppm,
respectively) (see Figure 4 and S.I.); this suggests that this
peak is made of multiple overlapping resonances likely
corresponding to a range of diﬀerent local lead environments
within a single phase. We hypothesize that these sites are
nonstoichiometric I- and Br-rich dopants similar to those found
in ‘CH3NH3PbBr1.5Cl1.5’ (see above). Deconvolution of the
broad resonance at 997 ppm into three peaks suggests that the
‘CH3NH3PbI1.5Br1.5’ sample produced by solid phase synthesis
is actually composed of CH3NH3PbI2.1Br0.9 (1126 ppm, 30%),
CH3NH3PbI1.8Br1.2 (997 ppm, 40%), and CH3NH3PbI1.5Br1.5
(872 ppm, 30%) (Table 2 and Figure 4; see also S.I.).
Experimental uncertainties associated with weighing equimolar
amounts of starting materials may account for the
CH3NH3PbI1.8Br1.2 crystalline product being slightly oﬀ the
1:1 halide ratio expected from loading alone.
Thus, in contrast to solution phase synthesis, no semicrystal-
line CH3NH3PbBr3 is observed in ‘CH3NH3PbI1.5Br1.5’ made by
solid phase synthesis. This suggests that the speciﬁc synthetic
procedure has a large impact on the composition and purity of
the resulting mixed iodo-bromide organolead perovskites. In
contrast to solution phase synthesis, which is carried out at 20
°C, our solid phase synthesis is carried out at 200 °C, well
above the maximum point of the miscibility dome proposed in
the recently calculated I−Br phase diagram.46 In addition, our
solid phase synthesis requires no solvent(s) so that no single
precursor or major component is lost during sample isolation
and puriﬁcation.
In contrast to ‘CH3NH3PbI1.5Br1.5’, the
207Pb ssNMR
spectrum of ‘CH3NH3PbBr1.5Cl1.5’ prepared by solid phase
synthesis still shows three 207Pb ssNMR peaks that are very
similar to those observed when the sample is prepared by either
solution phase synthesis or thermal annealing methods (Figure
4). Based on the speciﬁc chemical shifts, we assign these
resonances as CH3NH3PbBr2.25Cl0.75 (135 ppm, 23%),
CH 3NH3PbB r 1 . 5 C l 1 . 5 (− 1 1 2 ppm , 6 2%) , a n d
CH3NH3PbBr0.75Cl2.25 (−358 ppm, 15%) (Table 2). Because
three similar resonances are present in the 207Pb ssNMR
spectra of all the ‘CH3NH3PbBr1.5Cl1.5’ samples studied, we
conclude that the nonstoichiometric dopants form sponta-
neously as a result of spinodal decomposition (Figure 7c).
These dopant sites or impurities are always naturally present
and are persistent regardless of which speciﬁc synthetic method
is used.
■ CONCLUSIONS
In summary, we used a combination of optical absorption
spectroscopy, powder XRD, and, for the ﬁrst time, 207Pb
ssNMR spectroscopy to investigate phase segregation and
alloying in organolead mixed-halide perovskites. While
crystallography alone accounts for phase segregation between
CH3NH3PbI3 and CH3NH3PbCl3, it does not explain the true
microstructure and extent of alloying between CH3NH3PbI3
and CH3NH3PbBr3, or between CH3NH3PbBr3 and
CH3NH3PbCl3.
Compositional assignment of multiple resonances observed
in the 207Pb ssNMR spectra of mixed-halide perovskites
unveiled the presence of nonstoichiometric impurities or
“dopants”, as well as of semicrystalline (amorphous or
nanostructured core/shell) phases, which accompany the
main stoichiometric crystalline phase. Critically, dopants are
prevalent and persistent regardless of whether solution phase
synthesis, thermal annealing, or solid phase synthesis is used to
prepare these samples. In contrast, semicrystalline phases can
form when samples are made by room temperature solution
phase synthesis or their thermal annealing, but not by high
temperature solid phase synthesis.
Our thermal annealing experiments showed that the presence
of dopants and semicrystalline phases is not related to the
ability of organolead mixed-halide perovskites to crystallize
under speciﬁc synthetic conditions. Further, solid phase
synthesis experiments showed that ion diﬀusion is not a barrier
to alloying in organolead halide perovskites. The formation of
nonstoichiometric dopants is consistent with partial phase
segregation caused by spinodal decomposition, which results in
small composition ﬂuctuations throughout the entire lattice
that diﬀer from the desired stoichiometric phase. In other
words, these materials are composed of a main stoichiometric,
alloyed phase that exists in equilibrium with two non-
stoichiometric, halide-rich phases at room temperature.
Combined with other more commonly used optical
absorption spectroscopy and X-ray diﬀraction methods, 207Pb
ssNMR oﬀers unique opportunities to understand how various
synthetic procedures aﬀect the true composition, speciation,
stability (against moisture, heat, light), and optoelectronic
properties of these materials. Further enhancements in the
eﬃciency and performance of perovskite-based photovoltaics
and other energy conversion devices may thus be achieved
through careful synthetic manipulation of such impurity phases
and nanodomains.
Figure 10. Eﬀect of annealing temperature on the lattice parameter
and band gap (a) and single crystalline (Scherrer) domain size (b)
measured by XRD during the solid phase synthesis of
‘CH3NH3PbI1.5Br1.5’ starting from a near equimolar mixture of
CH3NH3PbI3 (solid circles) and CH3NH3PbBr3 (open circles) (see
Methods).
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■ METHODS
Materials. Lead(II) iodide (99%) and lead(II) bromide (98+%)
were purchased from Acros; lead(II) chloride (99.999%) and
methylamine solution (33 wt % in ethanol) from Sigma; hydroiodic
acid (ACS, 55−58%), hydrobromic acid (ACS, 47.0−49.0%),
hydrochloric acid (ACS, 37.2%), N,N-dimethylformamide (99.9%),
and toluene (99.9%) from Fisher; acetonitrile (HPLC grade, 99.8%)
from EMD Millipore. All chemicals were used as received.
Synthesis. Methylammonium halides were prepared by a modiﬁed
literature procedure.91 Brieﬂy, hydroiodic acid (10 mL, 0.075 mol) or
hydrobromic acid (8.6 mL, 0.075 mol) or hydrochloric acid (6.2 mL,
0.075 mol) was added to a solution of excess methylamine (24 mL,
0.192 mol) in ethanol (100 mL) at 0 °C, and the mixture stirred for 2
h. The mixture was concentrated and dried under vacuum at 60 °C for
12 h, and recrystallized from ethanol. Solution phase synthesis.
CH3NH3PbI3 was synthesized by dissolving PbI2 (0.08 mmol) and
CH3NH3I (0.24 mmol) in acetonitrile (20 mL), followed by
precipitation via the addition of excess toluene. CH3NH3PbBr3 and
CH3NH3PbCl3 were synthesized by dissolving PbBr2 (0.2 mmol) and
CH3NH3Br (0.2 mmol) or PbCl2 (0.2 mmol) and CH3NH3Cl (0.2
mmol) in DMF (5 mL) followed by precipitation via the addition of
excess toluene. ‘CH3NH3PbBr1.5Cl1.5’ was synthesized using the same
procedure as CH3NH3PbBr3 and CH3NH3PbCl3, using 0.1 mmol of
each of the four solid precursors. ‘CH3NH3PbI1.5Br1.5’ was synthesized
by dissolving PbI2 (0.072 mmol), CH3NH3I (0.216 mmol), PbBr2
(0.072 mmol), and CH3NH3Br (0.216 mmol) in a mixture of
acetonitrile (20 mL) and DMF (200 μL), followed by precipitation via
the addition of excess toluene. ‘CH3NH3PbI1.5Cl1.5’ was synthesized by
dissolving PbI2 (0.108 mmol), CH3NH3I (0.108 mmol), PbCl2 (0.108
mmol), and CH3NH3Cl (0.108 mmol) in DMF (3 mL). The mixture
was concentrated and dried under vacuum, and the resulting solid
could be annealed at 100 °C for 1 h. Thermal annealing. Mixed-halide
perovskites prepared by solution phase synthesis were subjected to
annealing between 50 and 250 °C in 50 °C increments for 1 h each.
Solid phase synthesis. A stoichiometrically desired mixture of the parent,
single-halide perovskites was subjected to heating between 50 and 200
°C with 50 °C increments for 1 h each.
Optical Characterization. Dif fuse ref lectance spectra of solid ﬁlms
were measured with a SL1 Tungsten Halogen lamp (vis-IR), a SL3
Deuterium Lamp (UV), and a BLACK-Comet C-SR-100 spectrom-
eter. Samples were prepared by drop-casting toluene solutions onto
glass slides. Band gap values were estimated by extrapolating the linear
slope of Tauc plots for direct band gap semiconductors ((absorbance
× excitation energy in eV)2 over excitation energy in eV).92
Structural Characterization. Powder X-ray dif f raction (XRD) was
measured using Cu Kα radiation on a Rigaku Ultima IV (40 kV, 44
mA) using a “background-less” quartz sample holder. Scherrer analysis
was performed using a κ value of 0.9. Simultaneous dif ferential thermal
analysis−thermogravimetric analysis (DTA-TGA) measurements were
collected using a TA Instruments SDT 2960. After purging with N2
gas, 15 mg per sample was subjected to two heating−cooling cycles at
20 °C/min up to 200 °C, followed by cooling to 60 °C with a fan.
Scanning electron microscopy (SEM) was performed with an FEI
Quanta 250 ﬁeld emission SEM at 10−11.5 kV. Samples were
prepared by deposition onto an SEM slide with carbon tape, followed
by coating with 5 nm of iridium.
Elemental Analysis. ICP-MS data were collected on a Thermo
Scientiﬁc Element 1 ICP-MS instrument Elemental Scientiﬁc, Inc.
PFA-100 low-ﬂow nebulizer. 10−15 mg of sample was dissolved in
70% nitric acid and then diluted to approximately 5 ppm with a 1%
nitric acid in deionized water solution. Titration data were collected by
Galbraith Laboratories, Inc.
207Pb ssNMR. 207Pb solid state (ss) NMR spectra were measured
on a Bruker widebore 14.1 T (600 MHz) NMR spectrometer
equipped with an AVANCE-II console. All spectra were acquired using
a 4 mm magic-angle spinning (MAS) probe in double resonance
mode. Samples were packed into 4 mm Kel-F rotor inserts, which were
then inserted into a 4 mm zirconia rotor. The rotor inserts were used
to prevent contamination and for center packing, ensuring very little
sample would be outside of the radiofrequency coil. The 207Pb
resonant frequency was 125.55 MHz, with the carrier frequency
adjusted depending on the varying 207Pb chemical shifts of each
sample. Pb(NO3)2 (δ = −3490 ppm, 22 °C) was used as an external
calibration standard. The DEPTH pulse sequence93 (Bruker’s standard
“zgbs” pulse sequence) was used to obtain both static and MAS 207Pb
spectra; this pulse sequence consists of an initial 90° pulse, followed by
two 180° pulses spaced by a 2 μs delay (see S.I.). This pulse sequence
eliminates very broad probe background 207Pb NMR signals, which are
likely due to lead in the probe’s soldering and electronics. A 90° pulse
length of 3.5 μs was used, with pulse power levels calibrated on
Pb(NO3)2. Spectra were acquired with a 2.1 ms acquisition time and a
10 s recycle delay after each scan. Measurements of 207Pb longitudinal
relaxation times (T1) for the pure halide phases under static conditions
showed that the 207Pb T1 was less than 1.4 s in all samples (see Table
S1). Therefore, the recycle delay of 10 s should provide quantitative
signal intensities. This is consistent with the short 207Pb T1’s reported
in other lead-containing semiconductors.65,78,79 Static and 10 kHz
MAS spectra were collected over a period of 1−6 days per sample. The
number of scans used for each spectrum is listed in the Supporting
Information, and generally varied between 1.5 and 40k. To conﬁrm
that the observed 207Pb NMR spectral broadening was primarily
homogeneous, selected spectra were also acquired at a lower magnetic
ﬁeld of 9.4 T under both static and MAS conditions. The 9.4 T
experiments were performed on a Bruker wide-bore 400 MHz solid
state NMR spectrometer equipped with an AVANCE III HD console.
A 4 mm HXY triple resonance probe conﬁgured in a double resonance
1H-207Pb mode was used for experiments on the mixed-halide
perovskites ‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’. 4.95 μs
207Pb 90° pulse widths were used. A 1.3 mm double resonance
broadband probe was used for acquisition of 207Pb ssNMR spectra of
the pure halide perovskites at 9.4 T. MAS 207Pb ssNMR spectra were
acquired with an MAS frequency of 50 kHz and a rotor synchronized
spin echo that had a 40 μs total duration composed of two rotor
periods. 1.41 μs 90° and 2.81 μs 180° pulses were used. 13C CPMAS
ssNMR experiments were performed on ‘CH3NH3PbI1.5Br1.5’ (see S.I.)
with a 2.5 mm triple resonance HXY probe. 13C detected proton T1
measurements were performed by applying a train of saturating π/2
pulses on 1H, followed by a variable delay, and then CP transfer to 13C
for detection. All 207Pb NMR spectra were ﬁt to simple mixed
Gaussian/Lorentzian peaks using the solid line shape analysis (SOLA)
module v2.2.4 included in the Bruker TopSpin v3.0 software (see S.I.).
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(11) Gao, P.; Graẗzel, M.; Nazeeruddin, M. Organohalide Lead
Perovskites for Photovoltaic Applications. Energy Environ. Sci. 2014, 7,
2448−2463.
(12) Kazim, S.; Nazeeruddin, S. K.; Graẗzel, M.; Ahmad, S. Perovskite
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Choy, W. C. H. Vacuum-Assisted Thermal Annealing of CH3NH3PbI3
for Highly Stable and Efficient Perovskite Solar Cells. ACS Nano 2015,
9 (1), 639−646.
(40) Williams, S. T.; Zuo, F.; Chueh, C. C.; Liao, C. Y.; Liang, P. W.;
Jen, A. K. Y. Role of Chloride in the Morphological Evolution of
Organo-Lead Halide Perovskite Thin Films. ACS Nano 2014, 8 (10),
10640−10654.
(41) Tidhar, Y.; Edri, E.; Weissman, H.; Zohar, D.; Hodes, G.;
Cahen, D.; Rybtchinski, B.; Kirmayer, S. Crystallization of Methyl
Ammonium Lead Halide Perovskites: Implications for Photovoltaic
Applications. J. Am. Chem. Soc. 2014, 136, 13249−13256.
(42) Edri, E.; Kirmayer, S.; Mukhopadhyay, S.; Gartsman, K.; Hodes,
G.; Cahen, D. Elucidating the Charge Carrier Separation and Working
Mechanism of CH3NH3PbI3‑xClx Perovskite Solar Cells. Nat. Commun.
2014, 5, 1−8.
(43) Zhao, Y.; Zhu, K. CH3NH3Cl-Assisted One-Step Solution
Growth of CH3NH3PbI3: Stucture, Charge-Carrier Dynamics, and
Photovoltaic Properties of Perovskite Solar Cells. J. Phys. Chem. C
2014, 118, 9412−9418.
(44) Colella, S.; Mosconi, E.; Fedeli, P.; Listorti, A.; Gazza, F.;
Orlandi, F.; Ferro, P.; Besagni, T.; Rizzo, A.; Calestani, G.; Gigli, G.;
De Angelis, F.; Mosca, R. MAPbI3‑xClx Mixed Halide Perovskite for
Hybrid Solar Cells: The Role of Chloride as Dopant on the Transport
and Structural Properties. Chem. Mater. 2013, 25, 4613−4618.
(45) Yang, B.; Keum, J.; Ovchinnikova, O. S.; Belianinov, A.; Chen,
S.; Du, M.-H.; Ivanov, I. N.; Rouleau, C. M.; Geohegan, D. B.; Xiao, K.
Deciphering Halogen Competition in Organometallic Halide Perov-
skite Growth. J. Am. Chem. Soc. 2016, 138, 5028−5035.
(46) Brivio, F.; Caetano, C.; Walsh, A. Thermodynamic Origin of
Photoinstability in the CH3NH3Pb(I1‑xBrx)3 Hybrid Halide Perovskite
Alloy. J. Phys. Chem. Lett. 2016, 7, 1083−1087.
(47) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R.; Bowring, A. R.;
Karunadasa, H. I.; McGehee, M. D. Reversible Photo-Induced Trap
Formation in Mixed-Halide Perovskites for Photovoltaics. Chem. Sci.
2015, 6, 613−617.
(48) Niemann, R. G.; Kontos, A. G.; Palles, D.; Kamitsos, E. I.;
Kaltzoglou, A.; Brivio, F.; Falaras, P.; Cameron, P. J. Halogen Effects
on Ordering and Bonding of CH3NH3
+ in CH3NH3PbX3 (X = Cl, Br,
I) Hybrid Perovskites: A Vibrational Spectroscopic Study. J. Phys.
Chem. C 2016, 120, 2509−2519.
(49) Guerrero, A.; You, J.; Aranda, C.; Kang, Y. S.; Garcia-Belmonte,
G.; Zhou, H.; Bisquert, J.; Yang, Y. Interfacial Degradation of Planar
Lead Halide Perovskite Solar Cells. ACS Nano 2016, 10, 218−224.
(50) Jang, D. M.; Park, K.; Kim, D. H.; Park, J.; Shojaei, F.; Kang, H.
S.; Ahn, J.-P.; Lee, J. W.; Song, J. K. Reversible Halide Exchange
Reaction of Organometal Trihalide Perovskite Colloidal Nanocrystals
for Full-Range Band Gap Tuning. Nano Lett. 2015, 15, 5191−5199.
(51) Pellet, N.; Teuscher, J.; Maier, J.; Graẗzel, M. Transforming
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